Purpose It is well known that endotoxins in storage medium may stimulate cytokine production and expression of adhesion molecules as well as endothelial damage in human corneal grafts. It has been supposed that endotoxin exposure of corneal grafts may, therefore, cause immune reactions and lead to reduced endothelial cell count after penetrating keratoplasty. It was the purpose of this prospective study to evaluate if this hypothesis is true. Methods A consecutive series of 274 samples of sterile organ culture storage medium from 274 human corneal grafts was collected between August 1998 and February 1999 and tested for endotoxin using Limulus amebocytelysate assay (LAL) after 7 days of organ culture. Threshold endotoxin level was set at 1.0 U/ml. A total of 161 grafts were transplanted and 113 were discarded. Within the 161 corneas transplanted, 62 were grafted to normal-risk patients and 99 to high-risk patients. Only normal-risk keratoplasty patients were included in the study and followed for at least 10 months. Immune reactions, graft failures, and postoperative endothelial cell counts were recorded. Results The mean endotoxin level in organ culture medium of all transplanted grafts was 1.0772.96. Mean endotoxin level in organ culture medium of discarded grafts was 1.6875.76, with 71 samples being below and 42 above the threshold of 1.0 U/ml called endotoxin-negative and endotoxin-positive, respectively. In all 36 culture medium samples from the 62 grafts transplanted to the group of normal-risk keratoplasty patients were endotoxin-negative and 26 endotoxin-positive. An influence of endotoxin levels on incidence of immune reactions, graft failure, and postoperative endothelial cell counts could not be revealed in patients with normal-risk keratoplasty. Conclusion Low endotoxin levels in storage medium neither seem to promote immune reactions nor to contribute to postoperative chronic endothelial cell loss in normal-risk keratoplasty patients.
Introduction
Endotoxins are biologically active lipopolysaccharides, which are integral components of the cell wall of gram-negative bacteria. These molecules are found exclusively in the outer lipid membrane of the bacterial cell wall. They exhibit only toxic effects if not membrane-bound. The term endotoxin was introduced historically, when Vibrio cholerae and its two different types of toxin were detected in the end of the 19th century: endotoxin as a heatstable toxin released by disintegrationFand also by viable pathogens during the log phase or under suboptimal nutrition 1 Fand exotoxin as a heat-labile toxin released during growth of Vibrio species.
Endotoxins themselves have little toxicity, but they trigger local and systemic inflammatory responses by interacting with several humoral and cellular mechanisms. 2 They stimulate the release of cytokines and, systemically, the activation of complement system, fibrinolytic, and coagulative cascades. In large quantities, this leads to irreversible vascular damage, shock or multiple organ failure. 2 In vivo, the corneal endothelium is protected from exposure to endotoxins by the epithelial and vascular barriers. When corneal grafts are kept in organ culture medium, such barriers do not exist. Since in vivo the cornea is part of the body surface and, therefore, contaminated with bacteria, even the carefully disinfected corneal graft carries few of them over into the primary organ culture medium, 3, 4 which is supplemented with antibiotics according to the standards of the European Eye Bank Association. 5 Therefore, contamination with replicating and, moreover, more commonly gram-positive pathogens is extremely rare. 6 Nevertheless, nonreplicating or disintegrating bacteria may be present releasing lipopolysaccharides: these have been detected, irrespective of the storage technique, in microbiologically sterile organ culture media in up to 50%. 7, 8 It has been shown that endotoxins stimulate the secretion of interleukins in human corneal cells. 9 IL-1 mediates inflammatory responses in the corneal epithelium, 10 while both IL-1 and tumour necrosis factor alpha stimulate the expression of IL-8 mRNA in corneal stromal and endothelial cells. 11 Increased amounts of IL-6 are found in corneal epithelial, stromal, and endothelial cells after exposure to endotoxins. 12 When human corneal grafts were stored in organ culture medium, which was experimentally incubated with high levels of endotoxin (25 000 U/ml), they showed polymorphism and significant endothelial cell loss with increased levels of IL-8 and IL-6 in the organ culture medium. 9 This effect could also be demonstrated for cultured porcine corneal endothelial cells which were incubated with high levels of endotoxin. They showed morphological cell changes and delayed proliferation. 13 It remains unknown, if this observation is caused by a conventional inflammatory response in vitro or not.
As lipopolysaccharides directly trigger some kind of inflammatory responses in organ-cultured corneal grafts, endotoxin exposure to human corneal grafts during storage in organ culture may cause an elevated risk for immune reactions and accelerated endothelial cell loss after penetrating keratoplasty. Therefore, we prospectively examined a consecutive series of sterile organ culture media for the presence of endotoxin and investigated if endotoxins in the media associate with an elevated risk for immune reactions and graft failure or accelerated endothelial cell loss after penetrating keratoplasty. In order to exclude an influence of epithelial disorders, herpetic recurrences or glaucoma on the study outcome only normal-risk keratoplasty patients were included in the study.
Patients and methods

Graft storage
Between August 1998 and February 1999, 274 consecutive samples of microbiologically sterile organ culture medium from 274 human corneal grafts were collected. All corneal grafts were obtained by in situ corneoscleral excision.
14 Grafts were stored in organ culture medium containing minimal essential medium supplemented with 100 IU/ml penicillin, 100 mg/ml streptomycin, 2.5 mg/ml amphotericin B, and 2% foetal calf serum (FCS). Storage time was 10-14 days. After 7 days of storage organ culture medium was exchanged. A 5 ml sample from the primary culture medium was tested for microbiological contamination by loading a vented and a nonvented bottle with fluid agar containing active charcoal, which were then incubated at þ 371C and continuously measured photometrically. 15, 16 If an increased flare was observed, the medium sample was spread out on culture plates, incubated, and assessed for growth of pathogens. For this study, only sterile organ culture media were used.
Endothelial cell morphology was evaluated after 7 days of storage and before transplantation using phasecontrast microscopy. Intercellular border swelling, pleomorphism, and cell enlargement were taken into account, while the grafts were immersed in hypotonic buffered saline. Cell density was ascertained by polaroid photography and fixed-frame calculation. Only corneas with an endothelial cell density 42000 cells/mm 2 were transplanted.
Endotoxin detection
At the time of medium exchange, a 1.5 ml sample of primary culture medium was preserved and frozen at À201C, until detection of endotoxin was performed using the Limulus amebocyte-lysate assay (LAL). 17, 18 All samples were tested with the QCL-1000 chromogenic LAL assay (BioWhittaker, Walkersville, MD, USA) by the same person (YS), using the microtiter plate method and LAL from the same batch. Moreover, samples of fresh organ culture medium and FCS alone and mixed together before contact to corneal grafts were also tested.
The biochemical basis for this assay is the activation by bacterial endotoxin of the clotting cascade of Limulus polyphemus, the horseshoe crab. 17, 18 An activation results in general intravascular coagulation and consequent death. 17, 18 The crab's coagulation factors located intracellularly within the sole circulating blood cell, the amebocyte, can be obtained in unactivated form. 17, 18 Activation of amebocyte lysate by incubation with endotoxin leads to polymerization of the clottable protein, which is used in the LAL assay as visible end Endotoxin in corneal storage medium H Spelsberg et al 924 point. 17, 18 The amount of endotoxin determines the initial rate of activation. Then, the splitting of the dye pnitroaniline (pNA) from its colorless substrate is catalyzed by the activated enzyme and its amount is measured photometrically at 405 nm. 8 The LAL assay is highly sensitive and is able to detect traces of endotoxins between 5 and 10 pg/ml resp. 0.005 U/ml. 9 It allows only relative measurement of biological activity, not distinguishing between small quantities of highly active or large quantities of low active endotoxin. 8 The endotoxin concentration was calculated as described before. 8, 9 A medium sample was considered endotoxinpositive, when the concentration was Z1.0 U/ml.
Keratoplasty patients and donors
Between August 1998 and February 1999, 161 penetrating keratoplasties were performed. A total of 62 (38.5%) were normal-risk keratoplasties, that is, first keratoplasties in eyes without corneal vascularization, with central graft position, without a preoperative history of severe surface disorders, herpetic eye disease or glaucoma. The mean follow-up time was 18.6 months (10-23). The mean patient age (35 women, 27 men) was 55 years . In all, 99 (61.5%) were high-risk keratoplasties. Exclusively, the group of normal-risk patients was evaluated for immune reactions, clear graft survival, and endothelial cell count in order to investigate the possible influences of endotoxin levels at best. In comparison to the normalrisk group, the mean donor age (23 women, 39 men) was 60 years .
Surgical technique and follow-up
Graft trephination, mostly with a diameter of 7.7 mm, was performed from the endothelial side. The host cornea was trephined with a 0.2 mm smaller diameter from the epithelial side. The corneal graft was sewn in with a double-running cross stitch nylon 10.0 suture according to Hoffmann. 19 Preoperatively, no treatment was given at all. Postoperatively, all patients were treated with systemic steroids (fluocortolone 1 mg/kg body weight) tapered off within 3 weeks, with topical antibiotics (gentamicin 0.5% ointment) five times daily for 1 week and with topical steroids (prednisolone-21-acetate 1% eye drops) five drops daily tapered off within 5 months. 20 No additional systemic immunosuppression was administered. Clinical controls were scheduled after 4 and 12 months postoperatively and then annually. The first running suture was removed not before the fourth postoperative month, the second one not before the 18th postoperative month.
Endothelial evaluation and statistical analysis
Endothelial evaluation was performed postoperatively using a specular microscope (Konan Noncon Robo 800). 21 This system enables the investigator to calculate semiautomatically the central endothelial cell density in a reliable and correct way. 21 At least 15 cells were entered in the semi-automatic cell density algorithm of the Robo Noncon for each photograph. 21, 22 
Results
Stored at þ 6 and þ 341C, all samples of fresh organ culture medium were endotoxin-free. FCS alone, however, revealed a level of 102 U/ml endotoxin stored at þ 61C and of 59 U/ml stored at þ 341C. The mixture of organ culture medium and 2% FCS, respectively, revealed a level of 6.5 U/ml stored at þ 61C and 0.6 U/ml at stored þ 341C. Due to negliglible biological activity of traces of endotoxin and due to the detection limit of the test used in this study, the threshold for positive endotoxin contamination was set at 1.0 U/ml. 17, 18 A total of 274 consecutive medium samples of 274 human corneal grafts were investigated. All samples were proven to be microbiologically sterile. In all, 161 grafts were transplanted and 113 corneas were discarded (Figure 1 ). The discarding reasons were positive or unconclusive serology (7; 6%) and endothelial damage (106; 94%). In total, 71 (62.8%) media of 113 discarded grafts were tested endotoxin-negative (level o1.0 U/ml) and 42 (37.2%) endotoxin-positive. In comparison, 100 (62.1%) medium samples of 161 transplanted grafts revealed levels below 1.0 U/ml and 61 (37.9%) levels Table 2 ). Regarding clear graft survival, one irreversible graft failure was ascertained in each group (1/36; 3% resp. 1/26; 4%; P ¼ 0.35; Table 2 ). Mean postoperative endothelial cell loss, monitored between the 4th and 12th postoperative months, averaged 17.9% in the endotoxin-negative group and 13.1% in the endotoxin-positive group (P ¼ 0.24; Table 2 ). There was no statistically significant association between endotoxin levels and the rate of immune reaction, rate of irreversible graft failure, and mean postoperative endothelial cell loss (Table 2) . For all patient, donor, and graft parameters (mean patient age, patient gender, mean donor age, donor gender, mean follow-up, mean post-mortem time, mean organ culture time, and mean preoperative endothelial cell counts), no statistically significant difference between the endotoxinpositive and the endotoxin-negative group was shown either (Table 3) .
Discussion
The aim of this study was to estimate the influence of endotoxin levels in sterile organ culture media of human corneal grafts on the incidence of immune reactions, irreversible graft failure and especially chronic endothelial cell loss after penetrating keratoplasty.
Chronic endothelial cell loss, a decrease of endothelial cell density in the absence of any clinically evident Immune reactions, irreversible graft failure, mean postoperative cell loss, and the association to endotoxin levels are shown above. SD: standard deviation; NS: not significant. immune reaction, is routinely observed after penetrating keratoplasty. [22] [23] [24] [25] Regarding the study of Ruusuvaara, 26 some kind of subclinical immune reaction, not visible at the slitlamp, may be suspected causative. In a homogenous group of patients after normal-risk keratoplasty, increased post-mortem time and advanced donor age were shown to have a significant negative effect on chronic endothelial cell loss. 22 Regarding storage techniques, no significant difference in chronic endothelial cell loss was found among cold storage ( þ 41C) and organ culture ( þ 341C) up to 10 years after penetrating keratoplasty in a large longitudinal cohort study. 23, 25 The influence of organ culture media on clinical outcome after penetrating keratoplasty has not yet been investigated. In vitro studies revealed metabolic changes of corneal tissues by various preservation protocols. 27, 28 The composition of the organ culture medium, which has been optimized and standardized for corneal cell and organ culture, may play an important role. 29 Besides, endotoxins, probably derived from nonreplicating and disintegrating bacteria from the tissue surface, 4 may alter the corneal graft and, therefore, contribute to accelerated chronic endothelial cell loss. Since replication and disintegration of pathogens under cold-storage conditions is reduced in contrast to organ culture, less release of potentially damaging endotoxin may be assumed. However, the advantage of organ culture conditions regarding pathogen detection seems to be more important for the fate of the corneal graft. In this study, even in FCS and in FCS-supplemented organ culture medium without any contact to corneal buttons, low contents of endotoxin were detected. Surprisingly, these were different dependent on the sample temperature before freezing. We hypothesize that free endotoxin adheres more likely to a surface at a higher temperature and, therefore, lower levels of free endotoxin were detected at þ 341C in contrast to þ 61C.
Sobottka Ventura et al. found increased endothelial cell damage in organ-cultured human corneal grafts after incubation with high levels of endotoxin (25 000 U/ml). 9 Endotoxin-mediated damage was also observed in cultured porcine corneal endothelial cells, but supplementation with FCS could modulate this toxic effect. 13 FCS supports the metabolic situation for the endothelium and protects the cornea in some way from damage. 13 In opposite to the standard organ culture conditions with an FCS content of 2%, the study demonstrated and recommended improved protection from endotoxin-mediated cell damage with an FCS content of 10%. 13 Even with endotoxin-contaminated FCS, we suggest the protective mechanism of FCS to be much stronger than any potential damage by very low endotoxin levels, as found in this study (102 U/ml).
Moreover, endotoxin-incubated organ culture media showed an increase in the level of IL-8 and IL-6, which proved stimulation of the autocrine function of human corneal grafts by endotoxin. 9 The increase in the levels of IL-6 and IL-8 appeared to be correlated with endothelial cell loss. 9 It may lead to an expression of HLA class II antigens 30 and, thus, a higher primary immunogeneitiy of the graft with subsequent elevated risk of immune reactions after penetrating keratoplasty.
Little is known about the amount of endotoxin that leads to detectable endothelial cell damage in organcultured corneal grafts. The endotoxin concentration experimentally chosen was 25 000 U/ml, which caused high endothelial cell loss and marked morphological changes in human corneal grafts. 9 Various endotoxin concentrations, ranging between 6250 and 25 000 U/ml, did not have any influence on cell counts of aliquots of cultured porcine corneal endothelial cells. 13 Regarding endotoxin levels found in sterile organ culture media under standard cornea bank conditions, it was observed that the mean levels ranged between 0.35 and 0.75 U/ml, irrespective of the storage technique. 7, 8 In comparison, the mean endotoxin levels detected in our study were slightly higher (1.07-1.68 U/ml). It is obvious that endotoxin levels which experimentally led to marked endothelial cell damage were at least five log units higher than those found in sterile organ culture media under standard cornea bank conditions: the antibiotics added to organ culture medium effectively avoid remarkable pathogen proliferation and, therefore, release of endotoxin. It was demonstrated that these low endotoxin levels had no influence on the discarding rate and preoperative endothelial cell counts of corneal grafts before surgery.
In order to determine the influence of these endotoxin levels on clinical parameters, a homogenous group of patients with low risk for immune reactions and without additional damaging influences on the graft endothelium was investigated for at least 10 months after penetrating keratoplasty. No statistically significant association was found between endotoxin levels and postoperative endothelial cell counts, the rate of immune reaction, and clear graft survival.
In summary, low endotoxin levels detected in microbiologically sterile organ culture media under standard cornea bank conditions do not seem to contribute to chronic endothelial cell loss or to promote immune reactions after penetrating normal-risk keratoplasty. 
